Altered expression of human Scribble is associated with invasive epithelial cancers, however, its role in tumour development remains unclear. Mutations in Drosophila Scribble result in loss of polarity, overproliferation and 3D-tumourous overgrowth of epithelial cells. Using complementation studies in Drosophila we recently demonstrated that expression of human Scribble can also regulate polarity and restrict tissue overgrowth. Here, we have undertaken a detailed study of human Scribble function in the polarized mammary cell line, MCF10A. We show that although Scribble does not seem to be required for apical-basal polarity or proliferation control in MCF10A cells, Scribble is essential for the control of polarity associated with directed epithelial cell migration. Scribble-depleted MCF10A cells show defective in vitro wound closure and chemotactic movement. The cells at the wound edge fail to polarize, show reduced lamellipodia formation and impaired recruitment of Cdc42 and Rac1 to the leading edge. Furthermore, we show that this function is relevant in vivo as Scribble mutant mice show defective epidermal wound healing. This data identifies an essential role for mammalian Scribble in the regulation of the polarity specifically involved in directed epithelial migration.
Introduction
Scribble is a tumour suppressor that is targeted for degradation by the E6 protein of high-risk human papilloma viruses (HPV) 16 and 18 that are the major causative factors for cervical carcinoma (Nakagawa and Huibregtse, 2000; Thomas et al., 2005) . Scribble expression is significantly downregulated in HPVpositive invasive cervical cancers (Massimi et al., 2004; Nakagawa et al., 2004) , but it also appears to be lost in a majority of invasive breast cancers and shows altered expression in colon cancer (Gardiol et al., 2006) . Thus loss of Scribble is correlated with cancer development, but it is currently not clear whether it represents an important step in the progression of malignant disease (reviewed by Humbert et al. (2003) ). In Drosophila loss of scribble (scrib) results in the loss of epithelial polarity, a failure to differentiate and overproliferation (Bilder and Perrimon, 2000) , suggesting it may serve to directly control tumourigenic growth. In addition it was recently shown that in combination with activation of oncogenes such as Ras, Raf or Notch, loss of Scribble leads to the development of invasive and metastatic epithelial neoplasias in Drosophila larvae (Brumby and Richardson, 2003; Pagliarini and Xu, 2003) . While in this context Scribble serves to negatively regulate cell motility and invasion, during Drosophila development Scribble is required to positively regulate the migration of epithelial sheets during dorsal closure of the embryo (Bilder et al., 2003) , implying the role of Scribble in controlling cell movement may be cell type and/or context dependent. The single human homologue of Scribble is highly concentrated at epithelial cell junctions and expression of Scribble can rescue the polarity and overgrowth defects of Drosophila scribble mutants suggesting that Scribble may function as a tumour suppressor and regulate polarity in mammalian cells (Dow et al., 2003; Navarro et al., 2005) . The recent identification and analysis of mouse Scribble (scrb1) as the gene mutated in the mouse circletail (Crc) (Murdoch et al., 2003) and rumpelstilzchen (rumz) (Zarbalis et al., 2004) mutants have indicated an important role for Scribble in mammalian development and planar cell polarity, however, the neonatal lethality of these mutants has so far precluded detailed analysis of Scribble function in epithelia.
We have undertaken a detailed analysis of Scribble function in the nontransformed and highly polarized human mammary cell line, MCF10A to elucidate the cellular function of this potentially important tumour suppressor. Here we show that although human Scribble is not required for apical-basal polarity or proliferation control in MCF10A cells, Scribble is essential for the control of polarity associated with directed epithelial cell migration in vitro. In addition, our work describes a novel important function for Scribble in regulating wound healing in vivo.
Results
Scribble depletion is not sufficient to disrupt cell morphology or apical-basal polarity in MCF10A acini To directly assess the effect of Scribble loss on the nontransformed epithelial cell line MCF10A we used retroviral-mediated RNA interference (Brummelkamp et al., 2002) to reduce the level of Scribble protein. Using two short hairpin RNA (shRNA) vectors targeted to different regions of the human Scribble transcript we could specifically reduce Scribble protein expression by 90% (shScrib6) and 60% (shScrib7) (Figure 1a ). Hereafter cell populations stably expressing shScrib6 and shScrib7 vectors are jointly referred to as Scribble KD . In Drosophila, scribble mutant epithelial cells lose their characteristic epithelial morphology and become disorganized and multilayered. When grown on cellculture plastic MCF10A Scribble KD cells showed no obvious changes in cell morphology compared to control cells, each population displaying the characteristic epithelial cobblestone morphology (Figure 1b) . It was possible that any effects on gross morphology resulting from Scribble knockdown would only be evident in a polarized 'organotypic' setting so we made use of a well-established culture system that promotes the formation of differentiated 3D acini structures when MCF10A cells are cultured in Matrigel (Petersen et al., 1992; Debnath et al., 2003) . Under these culture conditions Scribble KD cells formed spherical clonal acini that were morphologically indistinguishable from parental and cells expressing a control hairpin targeting EGFP (shEGFP) control acini ( Figure 1c ). As reported for Madin-Darby canine kidney (MDCK) epithelial cells (Dow et al., 2003; Navarro et al, 2005) , Scribble was localized to points of cell-cell contact in MCF10A DNA hScrib
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shEGFP shScrib6 acini and overlapped with E-cadherin ( Figure 1d , top row; data not shown). Knockdown of Scribble protein after 20 days in Matrigel culture was confirmed by immunostaining for Scribble (Figure 1d , top row).
In both control and Scribble KD acini we saw no evidence of multilayering of cells and all acini showed a polarized (basal) nucleus typical of luminal epithelial cells (Figure 1d ). In Drosophila and Caenorhabditis elegans, loss of Scribble (or LET-413) completely disrupts the formation and distribution of the zonula adherens (Bilder and Perrimon, 2000; Legouis et al., 2000) . Although some cells within Scribble KD acini appeared to have reduced E-cadherin protein at the membrane, we did not detect any major overall disruption to the distribution of the adherens junctions, as marked by E-cadherin and b-catenin (Figure 1d , row 2 and 3). In addition, consistent with previous Scribble RNA interference studies in MDCK cells (Qin et al., 2005) , we did not observe any difference in E-cadherin or b-catenin protein levels between control and Scribble KD cells as measured by Western analysis (data not shown). We next examined apical-basal polarity in MCF10A acini following loss of Scribble. In control acini, apicalbasal polarity is evident by the restricted distribution of a6-integrin to the basal region of each cell within acini and the apical localization (above the nucleus) of the Golgi apparatus (Figure 1d , row 4 and 5). In Scribble KD acini both the basal distribution of a6-integrin and the apical localization of the Golgi apparatus were unaffected, suggesting that these cells can form polarized acini. However, in some cases the structure of the Golgi did appear slightly disorganized as compared to control acini ( Figure 1d , bottom row). Taken together, the data described shows that in this organotypic 3D assay, depletion of Scribble protein does not induce disruption of cell-cell junctions, loss of apical-basal polarity or cell multilayering. In addition, Scribble depletion did not alter proliferation in either 2D or 3D culture or exit from the cell cycle (Supplementary Figure 1 ). Thus, Scribble is not essential for the regulation of apical-basal polarity or proliferation control in MCF10A cells.
Scribble is required for directed cell migration of MCF10A epithelial cells To investigate the possible role of Scribble in migration of epithelial cells we analysed the directed migration of MCF10A cells in an in vitro scratch 'wound-healing' assay ( Figure 2 ). Following scratching, the cells at the leading edge of the wound developed broad lamellipodia and migrated forward as a cohesive epithelial sheet. In the presence of EGF, wild-type and shEGFP control cells completely filled the wounded area 24 h following scratch wounding (Figure 2 ). In contrast, Scribble KD cells failed to completely fill the denuded area after 24 h (Figure 2) . Moreover, the effect of Scribble knockdown on cell migration was dose dependent as the decrease in migration reflected the level of Scribble protein.
To independently assess the requirement for Scribble in cell migration we used Boyden chamber assays to measure the movement of the MCF10A cell lines towards a chemotactic stimulus. Wild-type, EGFstarved cells plated in the upper compartment of the Boyden chamber effectively migrated towards EGF present in the lower chamber as compared to cells plated without a chemoattractant, which did not migrate ( Figure 3) . Consistent with the wound-healing assay, Scribble KD cells showed significantly reduced migration towards a chemotactic stimulus and the level of chemotactic cell migration was reflective of the level of Scribble protein within the cells (Figure 3) . A similar dose-dependent reduction in wound healing and chemotaxis was observed in Scribble KD cells when hepatocyte growth factor (HGF) was used as a chemokinetic stimulus (data not shown), indicating that the defect in cell migration resulting from Scribble knockdown was not due to a specific defect in the response to EGF, but a more general deficiency in cell migration.
It was possible that the defect observed in wound healing and chemotactic migration in Scribble KD cells was due to a general defect in the ability of cells to move, as has been shown in T cells with reduced Scribble expression (Ludford-Menting et al., 2005) . To examine this possibility we tracked the movement of individual cells on collagen IV substrate in the presence of EGF but lacking a directional cue (i.e. scratch). All MCF10A cell lines migrated randomly on the collagen IV substrate (Figure 4a ), although we observed significant variation in the average velocity of individual migrating cells ( Figure 4b ). Scribble KD cells showed a small decrease in average migration velocity compared to control cells, however, this difference was not statistically significant (P>0.05; Student's t-test). We obtained similar data using collagen I as a substrate (data not shown). This suggests that the defect in sheet migration and chemotactic movement is specifically related to the ability of Scribble KD cells to respond to directional cues.
Scribble is required for cell polarization following scratchinduced directional cues
In astrocytes and fibroblasts, cells at the leading edge of a wound polarize the nucleus, actin cytoskeleton and microtubule organizing centre (MTOC)/Golgi network in the axis of migration (Hall, 2005) . This process involves both tethering of the MTOC/Golgi network and rearward movement of the nucleus and is largely regulated by the small GTPase Cdc42 (Etienne-Manneville and Hall, 2001; Gomes et al., 2005) . We analysed the polarity of leading edge cells 6 h following scratch wounding of MCF10As. In 70-80% of control cells at the wound edge the Golgi was polarized within a 1201 arc behind the nucleus (Figure 5a and b). In contrast, Scribble KD cells showed no polarization and the Golgi remained essentially randomly distributed around the nucleus (Figure 5a 
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. The formation of lamellipodia is thought to be dependent on the localized activation of the small GTPase Rac1 (Nobes and Hall, 1999) . Consistent with previously published observations (Shin et al., 2005) , retroviral transduction of a dominant-negative Rac1 (or dominant-negative Cdc42) construct into wild-type MCF10A cells lead to a 50% or less decrease in migration in wound closure, an effect comparable to that seen with the shScrib7 hairpin (data not shown). Recently Scribble was shown to associate with Rac1 via a direct interaction with the RacGEF bPix (Audebert et al., 2004, and our unpublished data) . We saw that Scribble was colocalized with both bPix and Rac1 at EGF-stimulated membrane ruffles (Figure 6a ), suggesting it may be important for the activation/localization of Rac1. To address this we measured Rac1 activation following stimulation with EGF and wounding. We observed no difference between control and Scribble KD cells in the initial activation of Rac1 following EGF stimulation (Figure 6b ) or at later time points (2 and 6 h) following scratch wounding (data not shown), suggesting that Scribble is not required for global activation of this GTPase. Similar to EGFstimulated ruffles, Scribble colocalized with Rac1 at the leading edge of migrating cells. However, depletion of Scribble resulted in loss of Rac1 and actin-rich puncta from this site (Figure 6c ). Given the failure to localize Rac1, we examined the localization of Cdc42 following scratching. Although activation of Cdc42 was not affected (Figure 5d ), Scribble-depleted cells had lost the localization of Cdc42 at the leading edge of migrating cells (Figure 6d ). In addition, we observed that like Rac1, Cdc42 was co-localized with Scribble at the leading edge (Figure 6d, inset) . Together, these data demonstrate that Scribble is required for the recruitment of Rac1 and Cdc42 to the leading edge and for the establishment of polarity, sustained lamellipodia formation and subsequent cell migration.
Scribble is essential for wound healing in vivo To test whether the requirement for Scribble in promoting cell migration was physiologically relevant in the context of a whole tissue, we made use of an existing mouse scribble mutant allele -rumpelschtilzchen (rumz) -published as 'Line 90' (Zarbalis et al., 2004) . The rumz mutation is a single base pair change resulting in an isoleucine to lysine substitution at residue 285 ) die perinatally as a result of severe morphological defects including craniorachischisis and exencephaly (Zarbalis et al., 2004) . Western blot analysis showed that the rumz mutation causes a five-fold reduction of Scribble protein level (Figure 7b) , which is most likely due to effects of the mutation on protein stability as we detected no difference in the level of mRNA transcript between scribble þ / þ and scribble rumz/rumz keratinocytes (data not shown). In addition, the mutation caused marked mislocalization of Scribble protein away from cell-cell contacts in embryonic keratinocytes (data not shown). Similar mutations in scribble homologues in Drosophila and C. elegans also result in mislocalization of the protein and are suggested to render the protein nonfunctional (Legouis et al., 2000 (Legouis et al., , 2003 Bilder, 2004) . Given these observations we asked whether disruption to Scribble function would affect directed cell migration in vivo. We used a previously described method to measure wound healing in embryos at 12.5dpc (McCluskey et al., 1993; Ting et al., 2005) . As expected, the majority of control scribble þ / þ and scribble þ /rumz animals (81%, n ¼ 16) showed normal wound-repair 20 h following wounding (Figure 7c ). In contrast, only 1/9 scribble rumz/rumz animals (11%) showed normal wound closure and the lesion remained open after 20 h (Po0.001; Fisher exact test). The movement of the epithelial sheet in control embryos was evident from the elongated morphology of the keratinocytes surrounding the wound observed by high magnification scanning electron microscopy (s.e.m.) (Figure 7c , lower row). This cell shape change was not evident in scribble rumz/rumz embryos. This data identifies Scribble as a crucial regulator of epithelial cell migration in the mouse in vivo and provides the first demonstration to date that the polarity regulator Scribble is required for mammalian wound healing.
Discussion
Here, we show that Scribble is essential for proper epithelial cell movement in response to extracellular directional migration cues such as a chemotactic gradient or during wound healing. Following scratchinduced migration, Scribble is required to polarize the Golgi in the plane of migration and Scribble KD cells show a disruption to microtubule organization and a significant reduction in directional cell migration. Scribble colocalizes with Rac and Cdc42 at the leading edge of migrating cells and is required for the recruitment of these GTPases to this site. Furthermore, the function of Scribble in regulating cell migration is conserved between different epithelial cell types and species as mutational disruption of Scribble function in the mouse results in defective wound healing of the epidermis in vivo. Taken together the above data identify an essential role for mammalian homologues of Scribble in directed epithelial migration by regulating the establishment of polarity and the formation of lamellipodia at the leading edge of migrating cells. This regulation is critical for wound healing in vivo.
Regulation of directional migration by mammalian Scribble
Following scratch-induced migration, the direction of cell movement is specified by a free (leading) edge where activation of the small GTPase Cdc42 stimulates the reorientation of the Golgi and MTOC to the front of the nucleus and subsequent directional extension of microtubules (Nobes and Hall, 1999; Etienne-Manneville and Hall, 2001 ). While Scribble is required for the establishment of polarity following scratch-induced migration, our data indicate that this defect is not caused by a failure in the global activation of Cdc42, but rather the impaired localization of Cdc42 to the leading edge where it can define the direction of migration. It has been suggested that Scribble might act as a scaffold protein to regulate the localization of membrane associated signalling components and in this way it could mediate the recruitment and localized activation of proteins like Cdc42. It is also possible that Scribble may act downstream of Cdc42 to regulate Golgi/MTOC reorientation through Par6, GSK3b and adenomatous polyposis coli (APC), the latter of which forms ternary complexes with small GTPases at the leading edge (Etienne-Manneville and Hall, 2003; Watanabe et al., 2004) . In the astrocyte migration model, Cdc42 activation leads to recruitment of Par6/aPKCz to the leading edge which in turn activates aPKCz and results in phosphorylation of GSK3b Hall, 2001, 2003) . Inhibition of GSK3b through phosphorylation of Ser9 results in relocalization of APC to microtubule plus ends and subsequent binding to Dlg1 thus allowing attachment of microtubules to the plasma membrane (EtienneManneville et al., 2005) . It is unclear how closely this model applies to epithelial migration. Scratch wound healing of MCF10A cells results in GSK3b phosphorylation at Ser9, however, we did not detect any differences in the induction of GSK3b phosphorylation between Scribble-knockdown and control cells (Supplementary Figure 2 ). In addition, in contrast to the situation in astrocyte migration, initial experiments indicate no significant colocalization of APC and Dlg1 at the leading edge of migrating control MCF10A cells (our unpublished data). Further experiments will be needed to determine the functional relationship between Dlg1 and Scribble, and Scribble and the Par/aPKC complex in epithelial migration.
In addition to the failure to polarize following a scratch, Scribble KD cells also showed a delay in lamellipodium formation at the leading edge. Lamellipodia formation is known to be largely dependent on activation of Rac1 at the membrane, which promotes actin polymerization and membrane extension (Nobes and Hall, 1999) . While Scribble knockdown did not affect Rac activation per se, it was required for Rac1 localization at the leading edge following scratchinduced migration, indicating that Scribble is essential for the appropriate polarized membrane localization of activated Rac1. In support of a direct role for Scribble in mediating Rac function, others have shown that Scribble can physically associate in a complex with Rac1 following stimulation of PC12 cells (Audebert et al., 2004) . In addition, Scribble constitutively associates with the RacGEF bPix and the Arf-GAP protein GIT1 that was recently shown to be required for the restricted activation of Rac1 at the leading edge of migrating epithelial cells (Audebert et al., 2004; Nishiya et al., 2005) . This presents the intriguing possibility that Scribble and GIT1 associate in a complex with bPix to coordinately regulate the spatially restricted activation of Rac1. The use of FRET-based live-cell imaging will be crucial to fully define the role of Scribble in the spatio-temporal activation of Rac1. Nevertheless, taken together, the recruitment and colocalization of Scribble with Rac1 and Cdc42 at the leading edge of normal cells, the impaired recruitment of Rac1 (and Cdc42) at the leading edge observed following depletion of Scribble, and the reported association of Scribble and Rac1, point to an important role for these Rho-GTPases in the regulation of Scribble-dependent migration.
To determine whether Scribble was essential in the regulation of directed cell migration in vivo in a physiologically relevant context, we made use of the existing Scribble mutant rumpelstilzchen. The rumpelstilzchen mutation is a single amino acid substitution in the LRR domain of Scribble that results in decreased protein expression and mislocalization of Scribble into the cytoplasm (shown here) and causes severe morphological abnormalities in the embryo (Zarbalis et al., 2004) . Using an in vivo assay we have shown that Scribble is essential for proper wound healing in the mouse embryo, likely through the regulation of directed epithelial cell migration. Consistent with this idea, the circletail mouse (a second Scribble mutant mouse) exhibits an eye open at birth phenotype, which is commonly associated with disruptions to known cell migration regulators such as epidermal growth factor receptor (EGFR) and c-Jun (Berkowitz et al., 1996; Zenz et al., 2003; Mine et al., 2005) . Thus, both in vitro and in vivo data presented here supports a critical role for Scribble in regulating directed migration in mammalian epithelium.
Conserved role for Scribble in cell migration
Data presented in this study not only describes a role for Scribble in regulating mammalian cell migration, it identifies that this function of Scribble is conserved in multiple epithelial cell types and between different species. The role of Scribble as a highly conserved regulator of all types of cell motility is further highlighted by two recent publications showing that Scribble controls the migration of nonepithelial cell types, namely motor neurons in zebrafish and murine T lymphocytes (Ludford-Menting et al., 2005; Wada et al., 2005) . In zebrafish, zygotic mutation of scribble in the landlocked (llk) mutant or Scribble knockdown results in failure of nVII motor neuron migration and loss of maternal Scribble expression causes defects in convergent extension during embryogenesis (Wada et al., 2005) . Knockdown of Scribble in murine MD45T lymphocytes results in a profound defect in cell polarity and a loss of uropod formation. In addition, Scribble depletion in these cells results in a striking loss of cell motility. While it is clear that Scribble is essential for normal regulation of cell migration, one observation that remains to be reconciled is that in some contexts, loss of Scribble enhances motility of epithelial cells. Recently, Qin et al. (2005) have shown that RNAi knockdown of Scribble in MDCK cells causes an increase in the migration of these epithelial cells. This change is reported to be mediated through disruption of E-cadherin-mediated cell adhesion, however, this function of Scribble may be cell type specific as we did not observe any change in junction formation (Figure 2 ) or cell adhesion (our unpublished observation, AS Yap, personal communication). Indeed, it is likely that the effect of Scribble loss on cell behaviour in all species is dependent on cellular context. It is clear at least in Drosophila that the developmental state, cellular environment and genetic background has a major influence on the effect of Scribble loss on cell migration. In the Drosophila embryo Scribble is required for cell migration during dorsal closure (Bilder and Perrimon, 2000) . However, in other settings such as in cooperation with an activated allele of ras, loss of Scribble can induce spontaneous invasion and metastasis (Pagliarini and Xu, 2003) . Interestingly, this context-specific function for Scribble may represent a more common theme for polarity proteins in migration (Humbert et al., 2006) . In the Drosophila ovary, loss of Bazooka/Par3 or Par6 function in border cell epithelial migration results in disorganization of the border cell cluster and impaired migration (Pinheiro and Montell, 2004) . In contrast, loss of Bazooka/Par3 in the context of activated Ras in the eye imaginal disc epithelium can give rise to invasive tumours in Drosophila (Pagliarini and Xu, 2003) . In mammalian cells, the dissolution of cell-cell junctions following loss of Par3 (Chen and Macara, 2005) or Par6 (Ozdamar et al., 2005) has been proposed to promote migration and invasion of tumour cells, however, Par6/ aPKC complex function is required for migration of a number of cell types such as astrocytes and fibroblasts (Etienne-Manneville and Hall, 2001; Cau and Hall, 2005) .
The context-dependent regulation of migration by Scribble may have important consequences for tumourigenesis. Studies in a number of different human cancers have now shown that loss of Scribble and Dlg is associated with more invasive and aggressive malignancies (Watson et al., 2002; Boussioutas et al., 2003; Cavatorta et al., 2004; Lin et al., 2004; Nakagawa et al., 2004; Navarro et al., 2005; Gardiol et al., 2006) . It is now clear that Scribble plays a critical role in the regulation of directed cell migration during development and tissue homeostasis (e.g. wound healing). To reconcile these observations, we would predict that similar to Drosophila, genetic factors such as activating mutations in Ras may switch the activity of Scribble from a positive regulator of migration in normal development and tissue homeostasis, to a negative regulator of cell motility in the tumour setting. The development of conditional mouse alleles for Scribble together with the use of existing mouse models of cancer will facilitate examining the requirement for Scribble in regulating migration in pathological situations such as cancer invasion and metastasis.
Materials and methods
Cell culture and antibodies MCF10A cells were cultured in DMEM:F12 (Dulbecco's Modified Eagle Medium: F12) supplemented with 5% donor horse serum (Gibco, NY, USA), 10 mg/ml insulin (Actrapid, Novo Nordisk Pharmaceuticals Ltd., UK), 0. 5 mg/ml hydrocortisone (Sigma Aldrich, St Louis, MO, USA), 20 ng/ml EGF (PeproTech Cytolab Ltd., Rehovot, Israel), 100 ng/ml cholera toxin (Sigma), penicillin (100U/ml) and streptomycin (100 mg/ ml) and maintained at 371C in 5% CO 2 . Primary mouse keratinocytes were isolated from E17.5 embryos and cultured as described (Redvers and Kaur, 2005) . Amphotrophic retrovirus was produced by cotransfection of 293T cells with RD114 amphotrophic packaging plasmid and pRetroSUPER-based retroviral vectors. Cells infected with pRetroSUPER-based virus were selected in 2 mg/ml puromycin for 1 week before use in experiments. Details of shRNA cloning and sequences are available as Supplementary methods. Phase contrast images of cells were captured on a Leica DMIRB inverted microscope using a Â 10 objective (Leica, NA 0.22) and a Spot RT Slider cooled CCD camera (Diagnostics Instruments, Sterling Heights, MI, USA). Antibodies used for Western blotting: a-Scribble monoclonal Ab (7C6.D10; Dow et al., 2003) 1:100, a-tubulin (Sigma), 1:10 000. Antibodies used for immunofluorescence: a-Scribble goat polyclonal 1:200 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA, C20), a-bPix rabbit polyclonal, 1:400 (Chemicon, San Jose, CA, USA), a-b-catenin mouse monoclonal, 1:200 (Transduction Labs BD, Franklin Lakes, NJ, USA), a-GM130 mouse monoclonal, 1:400 (BD Biosciences, San Jose, NJ, USA), a-a6-integrin mouse monoclonal, 1:400 (GoH3; Chemicon), a-Rac1 mouse monoclonal, 1:400 (BD), a-tubulin mouse monoclonal, 1:2000 (Sigma). Secondary fluorophores were sourced from Molecular Probes (Eugene, OR, USA): Alexa 568 phalloidin, donkey a-goat Alexa 488, donkey a-rabbit Alexa 594, donkey a-mouse Alexa 647.
Western blotting
Whole-cell protein lysate was resolved on standard Trisglycine sodium dodecyl sulphate-polyacrylamide gels and transferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). Membranes were blocked in 2% Skim milk/0.2% Tween-20 in phosphate-buffered saline for 30 min, incubated with appropriate primary and secondary antibodies in blocking solution and developed with LumiLight (Roche Diagnostics, Mannheim, Germany) or visualized using an Odyssey infrared imager (LiCor Biosciences, Lincoln, NE, USA), as per the manufacturers recommendations. Signal intensity was determined by densitometry using Image J freeware (http://rsb.info.nih.gov/ij/) or Odyssey imaging software, respectively.
MCF10A organotypic cultures
Three-dimensional organotypic cultures were performed essentially as previously described (Debnath et al., 2003) . Briefly, subconfluent MCF10A cells (80% confluent) were trypsinized, resuspended in 3D culture media and plated at 4000 cells/well using the overlay method in growth factor reduced Matrigel (BD Biosciences). Phase contrast images were captured as described for 2D cultures using a Â 5 objective (Leica, NA 0.11). Cultures were immunolabelled for confocal microscopy as previously described (Debnath et al., 2003) . Images were acquired on an MRC-1000 scanning confocal microscope (BioRad, Hercules, CA, USA) using a Â 20 objective (Leica, NA 0.5) and processed using Image J freeware and Adobe Photoshop CS software (Adobe Systems Inc., San Jose, CA, USA).
In vitro wound healing assay Confluent MCF10A monolayers were EGF-starved overnight and 'wounded' by scratching the surface with a P200 micropipette tip. Media containing 20 ng/ml EGF (PeproTech) and 1 ng/ml Mitomycin C (Kyowa, Bristol-Myers Squibb, NY, USA) (to inhibit cell division) was applied and wound closure was followed over 24 h on an Olympus IX81 inverted live-cell microscope equipped with a motorized stage and a 371C heated chamber (Olympus Corp., Shinjuku-ku, Tokyo, Japan). Images were captured using a Â 4 objective (Olympus, NA 0.13) on an ORCA/ER CCD camera (Hamamatsu Photonic, Hamamatsu, Japan). Closure of the wound was quantitated using MetaMorph 6.3 software (Molecular Devices Corp., Downington, PA, USA) as the average distance moved by the leading edge over time. For immunofluorescent staining cells were fixed in 3.7% paraformaldehyde 6 h following scratching, permeabilized with 0.3% Triton X-100 for 5 min, blocked with 2% bovine serum albumin for 1 h and incubated with primary antibodies in block overnight at 41C. Cells were incubated with appropriate secondary antibodies and mounted in ProLong Gold (Molecular Probes).
Transwell chemotactic migration assay Subconfluent MCF10A cells (70-80% confluent) were EGFstarved overnight and plated in assay media (200 ml) at 5 Â 10 4 cells/well in the upper chamber of 24-well format transwell plates (Falcon BD Labwork, Franklin Lakes, NJ, USA). EGF (20 ng/ml) containing media (600 ml) was placed in the lower chamber. After 16 h, cells were fixed in 10% buffered formalin and stained with 4,6-diamidino-2-phenylindole (DAPI) (0.5 mg/ml). Nonmigrated cells on the upper side of the filter were removed by swabbing with cotton wool. Cells were imaged on a Zeiss Axioskop 2 fluorescence microscope using a Â 10 objective (Zeiss, NA 0.3) and a Spot RT/SE CCD camera (Diagnostics). Values were calculated as the average of two fields counted on each filter.
Cell movement on collagen substrate Subconfluent MCF10A cells (70-80% confluent) were EGFstarved overnight plated in assay media at 5 Â 10 3 cells/cm 2 on collagen-coated cell culture plastic. Cells were allowed to adhere for 6 h without EGF then complete media was applied. The cells were imaged over 12 h on an Olympus IX81 inverted live-cell microscope as described for scratch assays. Cell movement was quantitated using MetaMorph 6.3 software (Molecular Devices Corp.) by tracking the position of individual cells and calculating the average distance moved as a function of time.
Rac1/Cdc42 activation assay Confluent cells were wounded as described for in vitro wound healing assay subconfluent MCF10A cells (70-80% confluent) were EGF-starved overnight and stimulated with prewarmed complete media (containing 20 ng/ml EGF) for the indicated times. Rac1-GTP and Cdc42-GTP levels were assessed using the Upstate Biotechnology (Lake Placid, NY, USA) Rac1 activation assay kit according to manufacturers instructions.
In vivo embryo wound healing E12.5 embryos were dissected from the uterus in sterile Tyrode's saline and the left hind limb was amputated with the aid of fine dissecting forceps. Embryos attached to their yolk sac were cultured in 2 ml of a 1:3 mix of rat serum: Tyrode's saline for 20 h, fixed and processed for s.e.m. as previously described (Ting et al., 2005) . Gold-coated samples were imaged using a Phillips 515 scanning electron microscope at 20 kV. Statistical significance for the wound closure assays was determined using a Fisher's exact test.
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